ABSTRACT We have compared poly(A)-mRNA isolated from mouse liver endoplasmic reticulum (ER) membranes (ER mRNA) with that from free polyribosomes (free mRNA) by translation in a cell-free system and by mRNA-cDNA reassociation analysis. The partitioning of certain translation products between the two fractions suggests that the physical contamination of the free mRNA by the ER is 10%, and contamination ofthe ER by the free is 1%. Reassociation crossreactions suggest that no sequences are totally absent from either fraction. In particular, the rare sequences are shared between the two fractions. Among the more abundant sequences, we detect three groups: (i) a group of about 10 sequences that are relatively abundant in both fractions; (ii) a group that occurs mostly in the free fraction; (iii) a group of about 12 sequences, 6 or 7 ofthem encoding secretory polypeptides. The members of this group are largely or entirely confined to the ER fraction. Secretory proteins are almost entirely absent from the products of the free mRNA fraction. Quantitation of individual mRNA sequences by hybridization with cDNA clones shows that a range ofsequence concentrations exists within the abundant class of ER mRNA.
The mammalian liver synthesizes a large number of liver-specific proteins, many ofwhich are secreted into the blood plasma (see, for example, ref. 1). Several secretory proteins ofliver and other tissues are known to be synthesized preferentially on membrane-bound polyribosomes (for review, see ref. 2) . This is in accordance with the signal theory of Blobel and Sabatiuii (3) , which proposes that the secretion of a polypeptide begins with its NH2 terminus while it is still in the course of synthesis. Polyribosomes on which secretory proteins are being synthesized are thought to be attached to the membrane by virtue of the attachment of the growing polypeptide chains (4).
Here we describe experiments designed to compare the products of the mRNA in the membrane-bound and free polyribosomes in mouse liver. We prepared polyadenylylated mRNA from membranes ofthe endoplasmic reticulum (ER) and from free polyribosomes. The two mRNA populations were studied in three ways. (i) Translation products were analyzed by electrophoresis. (ii) RNA-cDNA reassociation analysis was carried out. ( iii) The rate of hybridization of mRNA to several cloned cDNAs was measured.
Our results show that 12 abundant polypeptides are synthesized mainly or exclusively on membrane-bound polyribosomes. Six or seven of these are secretory. Other polypeptides are synthesized mainly or exclusively on free polyribosomes. A class of abundant mRNA sequences, recognized by reassociation analysis, is found in both polyribosome fractions. Abundant mRNA sequences are shown to be present in liver at different concentrations, varying over a 5-fold range.
MATERIALS AND METHODS
Preparation of mRNA Fractions. Mouse liver membrane and free polyribosomes were separated as described by Shore and Tata (5) . Membranes that sedimented with the nuclei were discarded, and rough ER membranes and free polyribosomes were separated as described (5) . RNA was extracted from each fraction (6) . This was dissolved in 20 mM Tris-HCl, pH 7.4/ 0.5% NaDodSO4 and heated at 70'C for 5 min. Poly(A)-mRNA was isolated as described (7) KH2PO0O .5% NaDodSO41% Triton X-100, and polyribosomes were removed by centrifugation. Antibody precipitation was carried out by adding to the supernatant 1/10 vol of appropriately diluted antibody (Miles-Yeda rabbit antibody against whole mouse serum). The immune complexes were concentrated as described by Kessler (9) . Translation products and immune precipitates were analyzed by using 13% polyacrylamide/NaDodSO4 gels (10) .
Plasmid Clones. The clones used here are carried in the small plasmid vector pPH207 (11) and contain double-stranded cDNA sequences prepared on a template of poly(A)-mRNA isolated from liver ER membranes. The lengths of the inserted sequences, in base pairs, are as follows: LVA325, 800; LVA304, 450; LVA301, 400; LVA321, 640; B6, 500. Details of the isolation and characterization of the clones will be published shortly. They were isolated and used in accordance with Genetic Manipulation Advisory Group guidelines.
Molecular Reassociation. Preparation ofcDNA and solution hybridization were as described (12, 13) . Plasmid DNA was attached to 13-mm-diameter diazobenzyloxymethyl (DBM)-paper discs (14) and annealed with end-labeled RNA (230 ,ug/ml) at 420C in 0.75 M NaCl/75 mM sodium citrate/50% (wt/vol) thrice-crystallized formamide/0. 1% NaDodSO4/100 ,g of poly(rA) per ml. Filters were washed as described (15) and material was eluted with distilled water (0.45 per ml disc) for 5 min at 70°C. The radioactivity of the eluates was measured. RESULTS Membranes of the ER and free polyribosomes were separated and poly(A)-mRNA was isolated from each. These mRNA preparations are referred to here as ER mRNA and free mRNA. The mRNA was translated in the reticulocyte messenger-dependent lysate, and the products were examined on one-dimensional polyacrylamide gels. In different experiments, different numbers of products could be seen. For each mRNA fraction the number varied between 25 and 35. In some cases, proteins larger than albumin were completely absent. Presumably, this is due to the cleavage of mRNA molecules by nucleases either during the purification of the mRNA or during cell-free translation.
In the experiment shown in Fig. 1 , the translation products ofthe ER mRNA contain about 32 distinguishable components. Of these, 12 were precipitated by antibody against total mouse serum and are presumably secretory. This secretory group contains 7 ofthe most prominent translation products, and includes serum albumin, a1-antitrypsin, and the precursor to the mouse major urinary protein (pro-MUP) (see Fig. 2 ).
The free mRNA promoted the synthesis of a similar number of prominent polypeptide components, as judged by electrophoresis. However, the gel pattern is clearly different from the pattern due to the ER mRNA. The absence ofthe albumin band is particularly striking [previously shown in the rat (18) (19) (20) (21) ]. Five components were precipitated by antibody against mouse serum. These seem to correspond to five of the major products of the ER mRNA, though they are present in much smaller Proc. Natl. Acad. Sci. USA 78 (1981) gel is probably ferritin. The molecular weight of the ferritin subunit (19, 500) (18) is similar to that ofpro-MUP (22,000) (22) , and ferritin is known to be synthesized on free polyribosomes (18) .
Those secretory polypeptides that can be detected among the products of the free mRNA are present at 5-10% of the level at which they are present in the products of the ER mRNA.
Taking account ofthe 3:1 ratio of ER to free polyribosomes (23), these sequences are partitioned between the ER and free fractions in the ratio of between 30 and 60 to 1.
In all, approximately 12 components are apparently common to the two fractions. This analysis does not establish the identity of those that are not precipitated with antibody against whole serum. However, the results of an analysis by molecular hybridization (see below) confirm that a group of abundant sequences is common to the two fractions.
The products of the free mRNA contain a further 12 prominent components that are poorly represented, if at all, among the products of the ER mRNA. Two particularly striking examples are indicated in Fig. 2 .
The analysis so far allows us to classify the prominent translation products of ER and free mRNA into three groups. Analysis by mRNA-cDNA Reassociation. Hastie and Bishop (24) and others (25, 26) have analyzed total mouse liver poly(A)-mRNA by mRNA-cDNA reassociation. Three abundance classes were detected, and they were estimated to contain 9, 750, and 12,000 sequences, present in 12,400, 280, and 15 copies per cell, respectively (24) . We have now analyzed the ER and free mRNA populations by the same method.
In these experiments, cDNA complementary to the ER mRNA (ER cDNA) was labeled with [32P]dCTP and cDNA complementary to the free mRNA (free cDNA), with [3H]dCTP.
The two cDNA preparations were mixed and annealed with each of the two mRNA preparations. The results are shown in Fig. 3 and analyzed in Table. 1.
In the reaction between ER mRNA and cDNA we find three abundance classes. In the reaction between free mRNA and cDNA we find only two. A class of about 17 highly abundant sequences is detected in the ER fraction, present in about 5300 copies per cell. No comparable highly abundant class is detected in the homologous reaction between free mRNA and free cDNA. However, the two crossreactions show that at least some of the abundant ER sequences are also present in the free mRNA. In the reaction between ER mRNA and free cDNA, 6% x 106, respectively. § Taking the poly(A)-mRNA content of a liver cell to be 0.33 pg, with 75% in the bound fraction and 25% in the free.
not appear as a separate abundance class in the homologous reaction.
The reassociation experiments detect about 500 moderately abundant sequences in the ER fraction and about 250 in the free. We have not determined to what extent these two classes contain common sequences. However, the P value of 0.08 in the crossreaction between free mRNA and ER cDNA, when compared with the homologous (ER) value of0.21, supports the idea that there are more ER moderately repetitive sequences than free. It is interesting to note that the average number per cell of these moderately abundant sequences is similar in the two fractions. Hence, if combined, as in the extraction of total cytoplasmic RNA, they would make up a single abundance class (24) .
The technique of two-dimensional electrophoresis (27) can resolve many hundreds, but not thousands, of proteins. Thus, we expect it to reveal abundant and moderately abundant proteins, but not proteins synthesized in response to rare mRNA sequences. Using this method, Elliott (28) detected 250 polypeptides in mouse liver cytosol. Klose (29) The clones were bound to DBM-paper and hybridized with ER mRNA from livers of female mice. Females were chosen because their livers contain a lower level of pro-MUP mRNA. Proc. Natl. Acad. Sci. USA 78 (1981) 3701 The mRNA was hydrolyzed to a mean length of 150 nucleotides and end-labeled.
An experiment to measure the rate of hybridization of the mRNA with five different cloned sequences is shown in Fig. 4 . The data have been normalized so that the initial slope of each reaction represents the relative molar concentration of the corresponding mRNA. Three distinctly different rates are seen. The most rapid reaction was that between albumin mRNA and LVA304 DNA. Pro-MUP mRNA reacted at a rate 60% that of the albumin mRNA. If male liver mRNA were used, we would expect the relative rate to be 300% (22, 30) . The three remaining mRNAs reacted at about IA the rate of albumin mRNA. The experiment shows that the most abundant class offemale mouse liver mRNA contains sequences that differ in concentration by a factor of at least 5. This is in general agreement with the findings of Hastie and Held (22) .
DISCUSSION
Albumin is not observed among the products ofthe free mRNA, and several other secretory proteins behave as though their mRNA is partitioned in a 97:3 ratio in favor of the ER fraction. The upper limit of the possible physical contamination of the free mRNA by ER mRNA is about 10%. Two components in particular of the products of the free mRNA are not detectable among the products of the ER mRNA. Contamination of ER mRNA by free mRNA is evidently at a very low level, perhaps 1%.
Many sequences are present in both fractions at levels greatly in excess ofthose expected as a result ofphysical cross-contamination. First, a group of 10 sequences is shown to be abundant in both fractions by cross-hybridization experiments. These are partitioned between the ER and free fractions in a ratio of 8:1. Second, we have seen that the two fractions cross-react nearly completely at high Rot values. Thus, the rare sequences are common to both fractions and are partitioned roughly in a ratio of3:1. This cannot be explained by physical cross-contamination ifour estimates, based on the incidence ofa few abundant components, are correct.
One possible explanation would be that one or both of the mRNA fractions contain mRNA-protein complexes (mRNPs) associated either with polyribosomes or with some other structure. The more likely candidate would be the ER fraction, because we did not separate membrane polyribosomes from other membrane structures prior to preparing the ER mRNA. The ER is continuous with the outer nuclear membrane, and it has been proposed that mRNPs are exported from the nucleus via a preliminary attachment to the ER (31) . Protein synthesis controlled at the level of translation rather than transcription could account for those sequences that are abundant in both mRNA fractions. During starvation the number of polyribosomes synthesizing albumin decreases and the albumin mRNPs are released into the cytosol (32) . On refeeding they are recruited into ER polyribosomes again. This cycle may be common to many liver proteins whose concentrations fluctuate according to dietary intake. Some of these, such as lipoproteins, are secreted. Others are membrane proteins such as acyltransferases, and will be synthesized by bound polyribosomes.
Since the work described here was completed, a similar study of myeloma cells has been published (33) . The results of that study agree with ours, except that a more complete separation of ER and free mRNA fractions was evidently obtained.
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